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INTRODUCTION 


Designers of tires and landing-gear systems must have knowledge of tire 
mechanical properties in order to solve problems associated with aircraft take- 
off, landing, and taxi operations. For example, tire mechanical stiffness prop- 
erties are fundamental to computation of landing-gear shimmy characteristics 
and to design of antiskid braking systems. Among the publications which deal 
with the many mechanical properties of the pneumatic aircraft tire, references 1 
and 2 are noteworthy. Reference 1 collected and summarized the knowledge of 
tire mechanical properties as it existed in 1950; and reference 2, relying on 
experimental and theoretical studies conducted prior to 1958, established empir- 
ical expressions to describe most tire mechanical properties. Reference 2 is 
generally recognized as the basis of current knowledge of tire mechanical prop- 
erties; however, it is limited to static and low-speed conditions. 

During the past 20 years, many new aircraft tires have been introduced into 
the world's fleet of commercial and military aircraft, and there have been a 
number of isolated tire studies. These studies, however, have been limited in 
scope. The University of Michigan, for example, has centered its research of 
tire mechanical properties primarily around the development and use of scale 
model tires to predict full-scale tire behavior (refs. 3, 4, and 5) . Refer- 
ences 6 and 7 are typical of NASA studies to obtain steady-state yawed-rolling 
data on new tire concepts, and references 8 and 9 present results from studies 
limited to braked-rolling and static fore-and-aft tire properties. 

In view of the concern that new tires may not exhibit characteristics or 
trends observed for earlier designs, the Society of Automotive Engineers, Inc. 
(Committee A-5 on Aerospace Landing Gear Systems) requested NASA to participate 
in a joint experimental program with the U.S. Air Force and the University of 
Michigan to evaluate mechanical properties of two sizes of aircraft tires cur- 
rently in wide use. The purpose of this paper is to contribute to that request 
and present in detail results from the test program at NASA to measure static 
and dynamic mechanical properties of 18 x 5.5 and 49 x 17 type VII aircraft 
tires. During this program, tires were subjected to pure vertical load and to 
combined vertical and lateral loads under both static and dynamic (rolling) con- 
ditions. Test parameters for the static tests consisted of tire load in the 
vertical and lateral directions, and test parameters for the dynamic tests 
included tire vertical load, yaw angle, and ground speed. Effects of each of 
these parameters on the measured tire characteristics are discussed; and, where 
possible, comparisons are made with previous work. An appendix is included 
which defines terms and expressions used in studying these tire characteristics 
and symbols used in presenting results of the study. 


APPARATUS AND TEST PROCEDURE 

Static tests and yawed rolling tests were conducted on two sizes of high- 
pressure, high-speed, bias-ply aircraft tires in this experimental investiga- 
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tion: size 18 x 5.5 with a 1 4-ply rating and size 49 x 17 with a 26-ply rating. 

Characteristics of the two tire designs are presented in table I. Several 
tires of each size were furnished by the U.S. Air Force, and each size was pro- 
cured from the same manufacturer with closely spaced serial numbers and dates 
of manufacture. Prior to testing, all tires were broken in at rated pressure 
and load for three taxi runs of 3.2 km (2 miles) each on a road wheel (drum) 
dynamometer ) at the Landing Gear Development Facility, Wright-Patterson Air 
Force Base. 

Tire vertical load consisted of 50, 75, 100, and 125 percent of the rated 
load, and for the static tests, these loads were each applied at four equally 
spaced peripheral positions around the tire. For all tests, the inflation pres- 
sure was limited to the rated pressure, which was set prior to loading. 

Both the static and the rolling tests were conducted with the tires 
installed on test carriages at the Langley Landing Loads Track. The 48 000-kg 
(106 000-lb) test carriage shown in figure 1 and described in reference 9 was 
employed in tests of the 49 x 17 tire, and the 29 500-kg (65 000-lb) carriage 
shown in figure 2 and described in reference 10 was used in tests of the 
18 x 5.5 tire. On both carriages, the test tire was mounted within an instru- 
mented dynamometer (described in the appendix) to measure drag, vertical, and 
lateral tire forces. The dynamometer used to support the 49 x 17 tire on the 
large carriage is shown in figure 3. 


Static Vertical-Loading Tests 

Static vertical- loading tests were performed to measure the geometric prop- 
erties of the tire footprint and to determine vertical load-deflection relation- 
ships for the tires over the range of test vertical load. Footprint data were 
obtained by coating the tire tread with chalk, applying the desired vertical 
load to the tire on a sheet of paper covering a flat surface, and measuring the 
geometric characteristics of the resulting "chalked" footprint with a scale and 
a planimeter. Vertical load-deflection curves were established according to the 
procedure recommended in reference 11 by continuously monitoring the vertical 
load on the tire, which was hydraulically applied, and the corresponding deflec- 
tion between the wheel flange and the flat bearing surface. The vertical load 
was measured with strain-gage beams in the dynamometer, and the tire deflection 
was obtained from a linear motion transducer. The load was increased beginning 
when the tire came in contact with the flat bearing surface until the desired 
load (50, 75, 100, and 125 percent of the rated load) was reached. The load was 
then reduced to zero. The resulting load-deflection curve, or loop, is indica- 
tive of the tire vertical-loading behavior and provides information which 
defines the tire vertical spring rate and hysteresis loss. Both the footprint 
and the load-deflection tests were conducted at four peripheral positions around 
the tire. 


Static, Combined Vertical- and Lateral-Loading Tests 


Static tests with combined vertical and lateral loadings were performed to 
determine tire lateral load-deflection relationships which include lateral 
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spring rate and hysteresis loss, lateral center-of-pressure shift, and static 
relaxation length. The spring rate and hysteresis loss were determined from 
lateral load-deflection curves which were obtained by again following the pro- 
cedures recommended in reference 11. The process involved applying the desired 
vertical load to the tire followed by displacing the frictionless bearing plate, 
against which the tire rested, in a direction perpendicular to the wheel plane. 
The lateral displacement, imposed in the presence of the vertical load, was 
increased until the lateral load was approximately 30 percent of the vertical 
load as recommended in reference 11 . The lateral load was then reduced to zero, 
increased in the opposite direction to 30 percent of the vertical load, and 
finally reduced to zero again. One such hysteresis loop was generated for each 
load and at each peripheral position for the 49 x 17 tire, two such loops were 
generated for the 18 x 5.5 tire. During the loading cycles, both the lateral 
load and the lateral displacement of the bearing plate were continuously moni- 
tored. The lateral load was measured by a load cell located between a hydraulic 
piston and a backstop, and lateral displacements of the bearing plate were mea- 
sured by a linear motion transducer. The vertical load, hydraulically applied 
to the tire, was measured by load cells under the bearing plate. 

The lateral shift in the center of pressure (centroid of vertical forces in 
the tire footprint) was obtained during the lateral-loading tests from data pro- 
vided by multiple load cells which supported the bearing plate and from lateral 
displacement measurements of the plate. Static relaxation lengths were computed 
from measurements of the deformation in the tire free-tread periphery due to the 
combined vertical and lateral loads. These deformation measurements were taken 
from linear motion transducers and dial displacement gages located along the 
tire centerline at known peripheral positions. 


Yawed-Rolling Vertical-Loading Test s 

Yawed-rolling tests were performed to measure the rolling relaxation length 
of the tires and to establish tire steady-state characteristics over a range 
of ground speed. The relaxation lengths for several yaw angles at each vertical 
load were determined from a procedure which involved first yawing the wheel 
assembly, then lowering the tire onto the pavement and applying the desired ver- 
tical load, and subsequently rolling the tire straight ahead at the constant yaw 
angle while monitoring the distance traveled and the buildup of lateral force. 
Steady-state yawed data were obtained by either propelling or towing the car- 
riage over a dry concrete runway at a preselected ground speed, releasing the 
fixture which supported the wheel assembly to apply the desired vertical load to 
the tire, and monitoring the output from the instrumented dynamometer. The 
dynamometer and its output are described in the appendix. The yaw angle of the 
wheel assembly was held constant for each test run and consisted of 1 °, 3 °, 6 °, 
and 9° for each vertical load and ground speed. Nominal ground speeds for these 
tests were 5, 50, 75, and 100 knots. For a speed of 5 knots, the test carriage 
was towed by a ground vehicle; for higher speeds, the carriage was propelled by 
the hydraulic water jet catapult. During each test on the 49 x 17 tire, a 
discrete vertical load was applied to the tire to yield steady-state data; on 
the 18 x 5.5 tire, the vertical load was gradually increased to approximately 
125 percent of the tire rated load, and the quasi-steady-state characteristics 
were measured as the load reached selected values. Early tests performed dur- 


3 



ing this program had confirmed that characteristics measured at a particular 
vertical load during the course of a variable loading (quasi-steady-state con- 
dition) agreed with those measured during tests conducted with that load held 
constant. 


RESULTS AND DISCUSSION 
Static Vertical Loading 

This section of the paper discusses the results from static (nonrotating) 
vertical-loading tests conducted on the two tire sizes. For all tests the 
tires, inflated to their rated pressure, were loaded to 50, 75, 100, and 
1 25 percent of their rated load (see table I) . The results include geometric 
properties of the tire footprint and relationships between the vertical load 
and the corresponding tire vertical deflection. 


Footprint Geometric Properties 

Footprint length .- The length of the footprint area Lf is presented as a 
function of tire vertical deflection 6 in figure 4 where both parameters have 
been nondimensionalized by the tire outside diameter d. The data from the two 
tire sizes can be faired in a least squares manner by a single-valued, nonlinear 
curve described by the expression. 


L f /d = 1.66 \) ( 6/d) -(6/d) 2 


0 ) 


The numerical constant in this expression is slightly lower than the value 
(1.70) presented in reference 2 for other type VII tires. Also included in fig- 
ure 4 is the curve for the expression that defines the relationship between 
footprint length and vertical deflection if the tire were not distorted by the 
vertical load. Without distortion, the length of the footprint equals the 
length of the geometric chord formed by the intersection with the ground plane 
of a circle having a diameter equal to that of the tire, and the numerical con- 
stant is 2.0. Thus, for both tire sizes the experimental footprint length is 
approximately 83 percent of the geometric-chord length. 

Footprint width .- The variation of footprint width Wf with tire vertical 
deflection is presented in figure 5 where both parameters have been made dimen- 
sionless by w, the maximum width of the undeflected tire. The data are faired 
by two single-valued, nonlinear curves, one for each tire size, that differ only 
by a multiplication factor. The width of the footprint for the 18 x 5.5 tire 
is closely approximated by the expression. 


Wf/w = 2 \J(6/w) - (6/w) 2 

which defines the length of the geometric chord generated at the ground plane 
by an undeformed circle of diameter w. It is similar to the expression in 
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reference 2 for other larger type VII tires. For the 49 x 17 tire of this pro- 
gram, the measured widths are roughly 86 percent of the length of such a chord 
and hence are somewhat lower than those presented in reference 2 . 

Gross footprint area .- Gross footprint area A G is defined as the overall 
area of contact between the tire and the pavement including spaces created by 
the tread pattern. If the footprint is assumed to be elliptical, then 


Ag = \ LfWf 
4 


(3a) 


Substituting the expressions which fair the experimental data for Lf and Wf 
in figures 4 and 5, respectively, results in the following area equation in 
terms of tire deflection and geometry: 


Aq = TT^i,\l d<S “ S 2 j^k w \jw 6 - 5 2 j (3b) 

where k L is the constant associated with the footprint length and determined 
experimentally to equal 0.83 for both tire sizes, and k w is the constant for 
footprint width found to equal 1.0 for the 18 x 5.5 tire and 0.86 for the 
49 x 17 tire. 

In equation (3b) , the area can be nondimensionalized and expressed in terms 
of dimensionless tire deflection to obtain the gross-footprint-area parameter: 


A^/w \[dw = k L k w TT ( 6 /w) \1 1 - ( 6 /d) - (S/w) + (S^/^w) 


(4) 


If the fractions under the radical are neglected, equation (4) simplifies to a 
linear equation: 

AQ/w\|dw = k L k w 7T(6/w) (5) 


Measured gross footprint areas from the 16 tests conducted on each tire 
size (4 loadings at 4 peripheral tire positions) were nondimensionalized as in 
equation (5) and plotted as a function of dimensionless tire deflection in fig- 
ure 6 . The data are faired by expressions which take the form of equation (5) 
where the product of is 2.5 for the 18 x 5.5 tire and 2.1 for the 

49 x i 7 tire. These values are slightly lower than the values of 2.61 and 2.24 
computed from constants k L and k w based on footprint length and width mea- 
surements (see discussion of eq. (3b)). These differences can be attributed 
perhaps to the footprint not being truly elliptical. The curves which describe 
the data for the two tire sizes of this test program encompass the data of 
reference 2 for other type VII aircraft tires. 
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Net footprint area ,- Net footprint area A N of a tire is defined as the 
area of actual rubber contact between tire and pavement, that is, excluding the 
spaces created by the tread pattern. The ratio of this net area to gross area 
for each tire size under all loading conditions is presented as a function of 
dimensionless tire deflection in figure 7. Experimental data for both tire 
sizes are faired by lines which indicate that the area ratio increases slightly 
with increasing tire deflection. Over the load range of this program, this 
area ratio for the 18 x 5.5 tire varies between approximately 0.66 and 0.75, 
values that agree with data presented in reference 2. Higher values, extending 
from 0.81 to 0.88, are noted in figure 7 for the 49 x 17 tire. 

Bearing pressure .- Gross and net tire bearing pressures were calculated for 
both tire sizes and are presented as a function of vertical load in figure 8. 
Also shown in the figure is the tire inflation pressure which was set at the 
rated value for each tire prior to loading and was estimated to increase with 
the applied load according to equation (17) of reference 2. The bearing pres- 
sure based on net area should equal the tire inflation pressure if no carcass or 
tread stiffness is available. In that situation the load is entirely supported 
by the air spring. It is apparent from figure 8 that the carcass and/or tread 
provides some structural support, since the net bearing pressure for both tires 
exceeds the inflation pressure. 


Vertical Load-Deflection Relationships 

This section discusses characteristics of curves which relate the tire 
vertical load to the corresponding tire deflection. A typical load-deflection 
curve is presented in figure 9, which illustrates how the tire vertical spring 
rate is defined and depicts the hysteretic nature of the relationship. The 
curve of figure 9 is one of 1 6 collected for the 18 * 5.5 tire; curves for the 
49 x 1 7 tire show identical trends. Both tire sizes show a hardening spring 
(increasing slope) during the initial loading phase which becomes, and remains, 
constant (linear curve) with further increases in vertical load up to the maxi- 
mum test value. The slope of the curve is steeper during initial load relaxa- 
tion than during the loading phase, thereby suggesting an even stiffer spring. 
With a further load reduction, this spring appears to soften gradually and con- 
tinues to do so until the load returns to zero. Hysteresis loss during the 
cycle is shown by the area enclosed within the loading and unloading curves. 

In the past, vertical load- deflection data have been presented in dimen- 
sionless form to condense the data from a variety of tire sizes to a single 
curve. The empirical equation developed in reference 2 to accomplish this con- 
densation takes the form 


F Z 

(p + 0 . 08p r ) w \fdlw 


= Function of 


(6/w) 


(6) 


where F z is the tire vertical load, p is the tire inflation pressure, and 
p r is the rated inflation pressure. The pressure term (p + 0.08p r ) is intended 
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to account for both the air spring and the tire carcass stiffness. In keeping 
with these earlier approaches, the data from the vertical- loading tests are pre- 
sented in figure 10 in terms of the vertical- load parameter (left side of 
eq. (6)). Since the data were acquired during the linear portion of the load- 
ing (prior to any load relaxation), the data are faired by straight lines. The 
equation of the line which fairs the data frcm the 49 x 17 tire is identical to 
equation (23) of reference 2; however, the equation which fairs the data from 
the 18 x 5.5 tire has different coefficients. Thus, the term 0.08p r does not 
completely describe the carcass stiffness effects for this smaller size tire. 

This observation is in keeping with reference 1 which presupposes that the car^ 
cass of smaller tires plays a greater structural role than does the carcass of 
larger tires. 

Spring rate *- Various methods exist for computing the vertical spring rate 
of a tire based on load-deflection curves such as that of figure 9. For example, 
sane investigators (see ref. 2) base the spring rate on the linear portion of 
the load-application phase, and others (ref. 5, for example) take the slope of a 
line which connects the maximum load to some intermediate value that splits the 
hysteresis loop. The method chosen to define the spring rates from the tests in 
this program is described with the aid of figure 9, and results are plotted in 
figure 11. In figure 11, curves for two spring rates are presented as a func- 
tion of tire deflection in both dimensional and dimensionless form for each of 
the two tire sizes. One curve describes the slope of the load-deflection curves 
during load application, and the other fairs the measured slopes of those curves 
during initial load relaxation. The curve corresponding to load application 
generally represents the lower bound on tire vertical stiffness, and the curve 
for initial load relief essentially defines an upper bound on tire vertical 
stiffness. The data are presented in this fashion to cover the range of spring 
rates which the tire would experience as the result of vertical perturbations 
during aircraft take-off, landing, and taxiing. 

The linear portion of the load-deflection curves for both tire sizes com- 
mences when the tire deflection reaches approximately 10 percent of the maximum 
width of the undeflected tire. The slope of the linear portion, representing 
the maximum spring rate during load application, is approximately 1050 kN/m 
(600 lb/in.) for the 18 x 5.5 tire and 2220 kN/m (12 700 lb/in.) for the 
49 x 17 tire. The spring rates associated with initial load relief appear to 
be a function of vertical load and, hence, tire deflection, since higher spring 
rates result from higher loads. The scatter in the data is due to the diffi- 
culty in reading the slope of these short line segments. Figure 11 shows that 
the initial load relief spring rates for the 49 x 17 tire are roughly twice 
those for the 18 x 5.5 tire at corresponding values of vertical deflection and, 
as such, are approximately in the same proportion as the load- application spring 
rates for the two tire sizes. 

Hysteresis loss .- The area enclosed within the load- deflection cycle, such 
as that depicted in figure 9, represents hysteresis loss, that is, energy dissi- 
pated by the tire during that loading and unloading period. A knowledge of hys- 
teresis loss under various vertical- loading conditions is important because the 
extent of this loss is an indication of the energy dissipation mechanism 
active during tire deformation. The area enclosed within the load-deflection 
curves generated during the 16 vertical- loading tests conducted on each of the 
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tire sizes was measured with a planimeter, and the results are presented in fig- 
ure 12 where vertical hysteresis loss is plotted on a logarithmic scale as a 
function of applied vertical load on a linear scale. Straight lines fair the 
data for each tire and equations for these lines are shown. The significance 
of the hysteresis losses under vertical loads is suggested by expressing the 
ratio of the energy loss to the total energy input to the tire during the load- 
ing cycle. This ratio, referred to as the vertical hysteresis ratio, was com- 
puted from planimeter measurements and plotted as a function of vertical load 
in figure 13. Approximately 11 percent of the input energy was lost to hyster- 
esis during vertical tire loadings for the 18 x 5.5 tire, and approximately 
9 percent was lost for the 49 * 17 tire. This ratio is insensitive to vertical 
load with the exception of the highest load on the smaller tire where the ratio 
slightly increases. 

Supplemental load-deflection tests .- To better understand tire vertical 
spring rates and hysteresis losses, load-deflection tests were conducted subse- 
quent to this program on an available 32 x 8.8, type VII aircraft tire. The 
specific objective of these additional tests was to examine effects on the 
overall load-deflection curve of partial, multiple loading cycles in an attempt 
to duplicate the tire vertical-load environment during aircraft ground opera- 
tions. Results of these tests are shown in figure 14. The load-deflection 
curve labeled (a) is the single-cycle relationship. Curves labeled (b) and (c) 
resulted from reapplications of the vertical load during the unloading phase. 

In (b) the load was reapplied only once (at the point labeled 1) and the cycle 
repeated; in (c) the load was reapplied four times in succession, each time 
starting from a lower initial value (points 1 through 4) and each time return- 
ing to near the maximum vertical load. The loading phase was interrupted in 
the curve labeled (d) and the sequence of events was as follows: at point 1 

the load was relaxed to the load denoted by 0, then reapplied to point 2, again 
relaxed to point 0, reapplied to point 3, relaxed to point 0, and recycled to 
the maximum load at point 4 before returning to zero. These curves confirm the 
earlier observation that spring rates defined by the loading portion of the 
load-deflection curve and those associated with the initial unloading from the 
maximum load bound all spring rates generated during intermediate loading 
cycles. It is also apparent from the data of figure 14 that the single-cycle 
curve based on the maximum load envelops all hysteresis loops generated during 
muliple loading cycles of lesser magnitude. 


Static, Combined Vertical and Lateral Loading 


This section of the paper discusses results from static (nonrolling) tests 
conducted on the two tire sizes where the tires were first loaded vertically to 
50, 75, 100, and 125 percent of their rated loads and then subjected to a 
lateral load perpendicular to the wheel plane. The lateral load was limited to 
roughly 30 percent of the vertical load and was applied cyclically in both direc- 
tions by moving the bearing plate. The acquired data consist of lateral load- 
deflection relationships which include tire spring rates, hysteresis losses, and 
lateral shifts in the vertical- load center of pressure; also static relaxation 
lengths were obtained from tire lateral deformations. 
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Lateral Load-Deflection Relationships 


A typical lateral load-deflection curve is presented in figure 15. After 
the initial portion of the loading, these curves are characterized by a nearly 
constant spring (linear curve) throughout the loading phase (in both direc- 
tions), an immediate hardening of the spring when the load is first relaxed 
(from either extreme), and a gradual softening of the spring during load release 
until the slope of the curve reaches that associated with the load- application 
phase. As with the vertical load-deflection curves, the area enclosed within 
the loop formed by the loading and unloading cycles is a measure of dissipated 
energy, or hysteresis loss. 

Spring rate .- As pointed out in reference 2, the load-deflection curve 
should be taken through a complete cycle to obtain a reliable measure of tire 
spring rate in the lateral direction. Once a cycle has been experimentally 
established, there are several ways of defining spring rate. For example, 
the spring rate was obtained in reference 5 by measuring the slope of the line 
joining end points of the load-deflection loop, and in reference 2 the slope 
of the nearly linear response in the loading phase was considered the spring 
rate. For purposes of this program, two lateral spring rates, defined by the 
slope of lines AA and BB in figure 15, were calculated for each test condition. 
Line AA corresponds to the linear portion of the load-deflection curve during 
load application, and line BB approximates the slope of the curve at initial 
load relief. These two sets of spring rates were selected because they appear 
to be upper and lower bounds for each loading condition. Note that the slopes 
of both lines AA and BB are repeated in the other loading quadrant. 

Spring rates calculated from lateral load- deflection tests conducted at the 
four tire peripheral positions at each of the four loading conditions are sum- 
marized in figure 16 where each data point is the average of rates from loadings 
in both directions. Scatter is more pronounced in the spring rates for initial 
load relief because of early onset of nonlinearity associated with the softening 
spring. Data for both tire sizes are faired by straight lines, and figure 16 
shows that the load- application spring rates decrease with increasing vertical 
load. This trend is consistent with that noted in reference 2. Spring rates 
associated with initial load relief are essentially insensitive to vertical 
load. 


To compare results from these tests with results from other type VII tires 
presented in reference 2, the spring rates associated with load application were 
made dimensionless by use of ratio Ky/ (p + 0.24p r )w which in reference 2 is 
referred to as the lateral-stiffness parameter. This parameter was computed 
for both tires and is presented as a function of dimensionless vertical deflec- 
tion in figure 17. Two separate and distinct curves, one for each tire size, 
are required to fair the data; however, the data for both tires fall within the 
lower edge of the scatter band of the data presented in figure 20(c) of refer- 
ence 2. Also presented in figure 17 is the curve representing empirical equa- 
tion (33) of reference 2 which attempts to fair the stiffness parameter 
data of that reference. All three curves show similar trends in that later al- 
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stiffness parameter decreases with increasing tire vertical deflection, although 
the decrease associated with the present tests appears to be more pronounced 
than that of reference 2. 

Hysteresis loss .- The static lateral hysteresis loss can be obtained from 
load-deflection curves, such as that in figure 15, by measuring the area 
enclosed within the lateral loading and unloading cycle. Losses measured from 
the curves for the two tire sizes are summarized in figure 18. These losses 
were computed from the areas of complete hysteresis loops formed by repeated 
loading cycles and are plotted on a logarithmic scale in the figure as a func- 
tion of the average of the extreme lateral loads applied in both directions. 
Recall that these extreme loads were limited to approximately 30 percent of the 
vertical load. Data for both tire sizes are faired by straight lines, and equa- 
tions for these exponential curves are included in figure 18. 

The extent of the hysteresis loss is illustrated in figure 19 where lateral 
hysteresis ratio is plotted as a function of lateral load. The lateral hystere- 
sis ratio, the ratio of hysteresis loss to total energy input to the tire, is 
obtained by dividing the area within the hysteresis loop by the area under the 
load-deflection curve including the hysteresis loop (see appendix) . The data of 
figure 19 indicate that the input energy lost to hysteresis during lateral load- 
ings is roughly twice that lost during pure vertical loadings and is a function 
of the applied load. Since the lateral load applied to the tires was limited 
to 30 percent of the vertical load, trends in the hysteresis ratio noted in fig- 
ure 19 could be attributed to either the vertical or the lateral load, or to 
both. 


To isolate the effect of lateral load, additional tests were conducted on 
the 49 x 17 tire: hysteresis loops were generated by various lateral loads 

while the vertical load was held essentially constant. Results from these tests 
are presented in figure 20 for several vertical loads. Increasing lateral load 
increases the input energy lost to hysteresis, and the influence of vertical 
load is inconsequential. Figures 21 (a) and 21 (b) are reproductions of hystere- 
sis loops which provided a portion of the data for figure 20. These load- 
deflection curves together with those of figure 21 (c) are included to aid under- 
standing of tire static lateral response. In figure 21 (a) the hysteresis loops 
were decreased in size with each successive cycle; in figure 21 (b) the size 
of the loops was sequentially increased; and in figure 21 (c) the cycles were 
randomly varied. In all three figures the loading steps are sequentially num- 
bered. A study of these figures reveals that for a given vertical load, the 
lateral spring rates as defined in this paper are essentially independent of 
lateral load. It is apparent, however, that spring rates defined by the slope 
of the line connecting the end points of the load-deflection loop (see ref. 5) 
would show a distinct increase with decreasing lateral load. The spring rates 
associated with this latter definition would fall between the two curves of fig- 
ure 16 which bound the spring rate data at each loading condition. 

Center-of-pressure shift .- When a lateral load is applied to a standing 
tire, the footprint is displaced laterally, and the center of the vertical- load 
reaction (center of pressure) is also displaced in the same direction. The 
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shift in the center of pressure is less than the displacement of the footprint, 
and reference 2 considered the ratio of these two distances to be a tire 

constant with a value of 0*7 for type VII tires. Values of C\ r referred to as 

the center-of-pressure coefficient, are plotted in figure 22 as a function of 
dimensionless vertical deflection. For the 49 x 17 tire, is essentially 

independent of vertical deflection, and hence loading, and has a mean value of 
about 0.69 which is compatible with the results presented in reference 2. For 
the 18 x 5.5 tire, however, is sensitive to vertical deflection over the 

test range and is considerably lower than the 0.7 predicted by reference 2. It 

is apparent, therefore, that one value of C\ is not valid for all type VII 

tires. 


Static Relaxation Length 

Another parameter available from static, combined vertical and lateral tire 
loading is the static relaxation length which is obtained from displacements of 
the tire equator at various angular positions around the circumference. Such 
measurements taken on the two tire sizes under four vertical-loading conditions 
are presented in figure 23 where lateral deflection of the tire equator X is 
plotted as a function of tire peripheral angle 0 measured from the footprint 
centerline. The angular positions of the footprint leading edge are identified 
in figure 23. The lateral displacement of the free-tread periphery of the tire 
near the leading edge of the footprint varies exponentially with circumferential 
angular position and, as pointed out in reference 2, can be expressed in the 
following form: 


X = 


*e- s/L s 


(7) 


where A is a constant, s is the circumferential distance from the footprint 
leading edge, and L s is called the tire static relaxation length. Relaxation 
lengths were computed from the data of figure 23, nondimens ionali zed by the tire 
width w, and plotted as a function of dimensionless vertical deflection in fig- 
ure 24. Data from the two tire sizes are faired by separate linear curves both 
showing a decrease in relaxation length with increasing tire deflection. Static 
relaxation lengths for the 49 x 17 tire are consistent with data presented 
in figures 24 and 25 of reference 2 for other type VII tires. Static relaxation 
lengths for the 18 x 5.5 tire, however, are higher than those predicted by 
reference 2 . 


Yawed Rolling Under Vertical Loading 

This section of the paper discusses results from tests conducted on the two 
sizes of tires to define the yawed- rolling relaxation lengths and the steady- 
state characteristics of the tires under various combinations of vertical load, 
yaw angle, and ground speed. All tests were conducted on dry concrete. 
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Yawed-Rolling Relaxation Length 


When a wheel and tire are positioned at a yaw angle and then rolled 
straight ahead while maintaining that angle, the lateral force F y perpendicu- 
lar to the direction of motion builds up exponentially with distance rolled x 
to a steady-state value Fy,e* For a tire that is initially undistorted, the 
increase in lateral force can be expressed by an equation of the following form: 

F y = Py r e^ ~ e~ x / L yj (8) 


where Ly is called the yawed-rolling relaxation length. Values of Ly were 
calculated from low-speed yawed-rolling tests conducted on the two tire sizes 
under various combinations of vertical load and yaw angle. These values, in 
dimensionless form, are plotted as a function of dimensionless vertical deflec- 
tion in figure 25 where the yaw angle for each test is identified. Also 
included in figure 25 for comparison are linear curves which faired the static- 
relaxation-length data of figure 24. The yawed-rolling data from both tires 
exhibit substantial scatter because irregularities in the side force required a 
certain amount of fairing judgment, and all attempts to establish trends asso- 
ciated with variations in vertical deflection and yaw angle proved unsuccessful. 
The mean value of Ly/w for the 18 x 5.5 tire is 0.75 with a standard deviation 
of 0.40. This value is considerably below values computed from the static data. 
For the 49 * 17 tire the mean value of Ly/w is 1.30 with a standard deviation 
of 0.32. In figure 25(b), the curve which fairs the static-relaxation- length 
data falls within the scatter of the dynamic data for this tire. 


Steady-State Characteristics 

All steady-state data fran the yawed-rolling tests conducted on the two 
tire sizes are presented, together with the corresponding test conditions, in 
tables II and III. For purposes of discussion, these data are also presented in 
figures 26 to 31. The tests examined the effects of three parameters - tire 
vertical load, yaw angle, and ground speed - on the steady-state characteristics 
of side force, self- aligning and overturning torques, friction- force moment arm, 
and lateral center-of-pressure shift. To simplify the presentation of results, 
analysis-of- variance studies were performed on the characteristics, and it was 
found that all but the lateral center-of-pressure shift were strongly affected 
by the tire vertical load and yaw angle and insensitive to ground speed over the 
range of speed examined in this program. Therefore, for those characteris tics, 
the data are presented in the form of carpet plots to illustrate functional 
relationships between the characteristics and the test parameters. In the car- 
pet plots, the steady-state characteristic is presented as a function of both 
vertical load and yaw angle, and the ground speed is identified by test-point 
symbols. Lines of constant load and constant yaw angle were then fitted to the 
data in a least squares fashion to serve as an interpolation aid. The dashed 
lines are extrapolations of the data to zero vertical load or to zero yaw angle. 
The intersections of the faired lines represent the desired test conditions; the 
data points represent the actual test conditions. The actual vertical load some- 
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times differed significantly from the desired load, but the desired and actual 
yaw angles always agreed because of the control maintained over that parameter. 

The following paragraphs discuss in detail the effects of tire vertical 
load, yaw angle, and ground speed on the steady-state characteristics determined 
from yawed-rolling tests. 

Side force .- The effect of the test parameters on the developed side force 
F s is presented in figure 26 where the side force is measured normal to 
the wheel plane (as opposed to cornering force which is measured normal to the 
direction of motion) . When yaw angle is held constant, side force increases 
with increasing vertical load and reaches a maximum at vertical loads between 
75 and 100 percent of the rated vertical load for the 18 x 5.5 tire and between 
100 and 125 percent of the rated load for the 49 x 17 tire. Figure 26 
further shows that the effect on side force due to changes in vertical load 
becomes more pronounced as yaw angle is increased. As expected, increasing yaw 
angle while holding vertical load constant increases side force, regardless of 
the vertical load. No discernible trends are evident with variations in 
ground speed. Since side-force data are generally presented in dimensionless 
form, they were divided by the respective vertical load on the tire. This pro- 
cess yielded, by definition, side-force friction coefficients u s , which are 
presented in the carpet plot of figure 27. Historically, it has been believed 
that side-force friction coefficient is insensitive to variations in vertical 
load; however the data of figure 27 indicate a distinct vertical-load effect. 

For fixed yaw angles, there is a decrease in ]i s with increasing vertical load, 
and this trend becomes more pronounced as yaw angle is increased. These obser- 
vations may have important implications for simulations of aircraft ground- 
handling problems. The figure also shows that for fixed vertical loads, )i s 
increases with increasing yaw angle and the rate of increase decreases with 
increasing yaw angle. Thus a peak friction coefficient is associated with each 
vertical load at some higher yaw angle. Again, no trends due to variations in 
ground speed are evident. 

Aligning torque .- Aligning torque M z is defined as the torque developed 
about the steering axis of a yawed tire. When positive, M z is self-aligning, 
that is, it tends to reduce yaw angle. Aligning torques from tests with the 
two tire sizes are presented in carpet plot form in figure 28. When yaw angle 
is held constant, aligning torque increases with increasing vertical load, and 
the rate of change of torque with vertical load is greater at higher yaw angles. 
The figure also shows that when vertical load is held constant and yaw angle is 
increased from zero, aligning torque increases rapidly, reaches a maximum, and 
then decreases with further increases in yaw. For several conditions, specifi- 
cally when the tires were lightly loaded and at a high yaw angle, the torque is 
negative, that is, no longer self-aligning. In general, the aligning torque 
appears to reach a maximum value at yaw angles between 3° and 6°. These trends, 
including the insensitivity of aligning torque to ground speed, are consistent 
with data from reference 6. 

Overturning torque .- The torque which tends to tilt the wheel plane away 
from the vertical is referred to as overturning torque M x . The carpet plots 
of figure 29 for the two tire sizes show the effects that vertical load, yaw 
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angle, and ground speed have on this characteristic. At small yaw angles, over- 
turning torque is generally insensitive to variations in vertical load; however, 
as the yaw angle increases, the torque becomes more sensitive to load (torque 
increases with increasing load). Figure 29 also shows that, as expected, an 
increase in yaw angle at a fixed vertical load increases overturning torque and 
that the rate of increase generally increases as vertical load becomes larger. 

As in the case of the other characteristics, no discernible trends are attrib- 
uted to ground speed variations. 

Friction- force moment arm .- The friction- force moment arm q is the dis- 
tance from the friction-force resultant vector to the steering axis and is 
considered positive when the friction force acts along a line behind the steer- 
ing axis. This moment arm is akin to pneumatic caster, but unlike that param- 
eter, it includes the drag force in the resultant vector. The friction- force 
resultant vector and the moment arm represent a force system which is statically 
equivalent to the actual forces and moments in the footprint. Friction- force 
moment arms computed from the data of these tests are plotted in figure 30 to 
show the effect of the various test parameters. Linear curves were used to fair 
the data. The moment arm for both tire sizes increases with increasing vertical 
load on the tire and decreases with increasing yaw angle. Again, no identifi- 
able trends are associated with variations in ground speed. Values of q 
are negative at light loads and high yaw angles, as expected, since the aligning 
torque (fig. 28) is negative at these test conditions. 

Center-of-pressure shift .- Little information is available in the litera- 
ture on lateral movement of the center of pressure in the tire footprint under 
yawed- rolling conditions because of the severe instrumentation demands to 
acquire that parameter. Analysis-of-variance studies indicated that the effects 
on the lateral center-of-pressure shift y c due to tire vertical load and yaw 
angle could not be isolated by using a carpet plot. The analysis further indi- 
cated that the y c data were not sensitive to speed variations. Consequently, 
the center-of-pressure shift is plotted in figure 31 as a function of yaw angle 
only, and vertical-load ranges are denoted by test-point symbols. For the 
18 x 5.5 tire (fig. 31(a)), y c generally increases with yaw angle but exhibits 
no consistent trend for variations in vertical load. For the 49 x 17 tire 
(fig. 31(b)), no trends in y c can be established for variations in either verti- 
cal load or yaw angle. 


CONCLUDING REMARKS 

An experimental program was conducted to evaluate selected mechanical prop- 
erties of two sizes of type VII aircraft tires currently in widespread use. Data 
were obtained under static loading conditions and under yawed-rolling conditions 
at ground speeds up to 100 knots. Results of the yawed-rolling tests indicate 
that dynamic tire characteristics under investigation were generally insensitive 
to speed variations and therefore support the conclusion that many of these char- 
acteristics can be obtained from static and low-speed rolling tests. Further- 
more, many tire mechanical properties presented here are in good agreement with 
empirical predictions based on earlier research performed on aircraft tires 
of various types and sizes. Among these properties are tire footprint geometry 
characteristics, vertical and lateral load-deflection relationships, and tire 
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yawed- rolling properties of side force and aligning torque. Sufficient differ- 
ences do exist in seme properties, however, to warrant additional research 
before extending the current empirical prediction procedures to include all new 
tire designs. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
April 7, 1981 
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APPENDIX 


GLOSSARY OF TERMS AND SYMBOLS 

The purpose of this appendix is to define terms, expressions, and symbols 
used in the study of tire mechanical properties. Many of these terms are asso- 
ciated with the forces and moments developed in the footprint plane, the wheel 
plane, and the vertical plane perpendicular to the wheel plane. Other terms are 
defined by various normalizing functions. 


Forces and Moment in Footprint Plane 

The forces and moment developed in the footprint plane are shown in 
sketch A, in which the tire is rolling at a yaw angle \p. Identified in the 
sketch are the friction- force moment arm q and the steering axis of the 


Forward 



wheel. The forces developed within the tire footprint include the braking force 
F^ parallel to the wheel plane, the side force F s perpendicular to the wheel 
plane, and the resultant friction force F r which is the vector sum of F^ 
and F s . The moment M z developed by the tire in the footprint plane is usu- 
ally referred to as the aligning torque and is positive when the moment acts to 
realign the wheel plane with the direction of motion. The aligning torque can 
be expressed in terms of the friction force according to the following equation: 


M z = F r q 


(Al) 


Aligning torque is an important tire property critical to shimmy analyses. 
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APPENDIX 

A schematic of the instrumented NASA dynamometer used to measure the tire 
forces and moments during this research program is presented in sketch B. Five 
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Sketch B 


strain gage beams measure the various axle loads and accelerometers are mounted 
on the axle centerline to make inertial corrections to the axle loads, thereby 
converting them to ground reaction forces. A measurement of the aligning torque 
is obtained from the load transfer between the two drag- load beams. 


Forces and Moment in Vertical Plane Perpendicular to Wheel Plane 

The forces developed within the vertical plane perpendicular to the wheel 
plane (see sketch C) are the side force F s perpendicular to the wheel plane 
and the vertical force F z . The moment M x developed by the tire in this plane 
is called the overturning torque , and since it affects the load distribution 
between the two wheel flanges, it is an important consideration in wheel design. 
The overturning torque can be expressed in terms of the two forces F s and F z 
as follows: 


M x = F s h + F^c (A2) 
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where h is the axle height above the runway and y c is the lateral center-of- 
pressure shift due to the applied side force. 



Sketch C 


For the tests of this program the output from the appropriate load beams 
of the instrumented dynamometer shown in sketch B provide F s and F z/ and the 
load transfer between the two vertical-load beams provides the overturning 
torque. A linear potentiometer is used to determine axle height h. With these 
data, the tire lateral center-of-pressure shift during yawed rolling can be 
solved from equation (A2) in terms of known quantities: 


y c = (M x - F s h)/F z 


(A3) 


A second method for measuring the tire lateral center-of-pressure shift from 
a static loading on a frictionless bearing plate is illustrated in sketch D. 

From the geometry depicted in the sketch, the lateral center-of-pressure shift 
is defined as 


y c = (yi - yi ) - iy'2 - vi) 


(A4) 


where (y-j* - yi ) defines the displacement of the frictionless bearing plate rela- 
tive to the wheel plane due to the applied side force F s , and (y^ - Y2 ) is the 
center-of-pressure shift relative to the plate and determined from the load 
transfer measured by the load cells. 
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Sketch D 


Forces and Moment in Wheel Plane 

The forces and moment developed in the wheel plane are shown in sketch E. 
Also noted in the sketch are the polar moment of inertia I of the wheel, tire. 
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and rotating parts of the brake assembly, the wheel angular velocity w, and 
acceleration w, the axle height above the runway h, and the fore-and-aft 
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center-of-pressure-shif t of the tire x c . The moment developed about the axle 
Tg is called brake torque and is defined to be positive when it opposes wheel 
rotation. The brake torque can be expressed in terms of the angular accelera- 
tion of the wheel and the forces in the wheel plane in the following manners 


Tg = Ifi) + F d h - F z x c 


(A5) 


The brake torque links in the NASA dynamometer (sketch B) are used to obtain a 
measure of the brake torque independent of the braking force. 

For a tire freely rolling (unbraked) at a constant angular velocity, both 
the brake torque T B and the wheel angular acceleration U) equal zero, and 
equation (A5) reduces to 


F d h “ F z x c 


(A6) 


In the freely rolling case, F^ is a measure of rolling resistance, and for 
aircraft tires the value of the fore-and-aft center-of-pressure shift is usually 
between 2 and 5 percent of the axle height. 


Miscellaneous Terms 

The following paragraphs describe several additional terms associated with 
the study of tire mechanical properties. 

Free-tread periphery .- That portion of the tread not in contact with the 
pavement is frequently called the free-tread periphery. 

Gross-footprint-area param eter (A^/w \j wd) The gross-footprint area is nor- 
malized by the maximum tire widttT times the square root of the product of the 
maximum tire width and the maximum tire diameter. This gross-footprint-area 
parameter is a measure of the flotation capability of the tire. 

Hysteresis loss ratio .- The ratio of energy lost during a loading-unloading 
cycle to the total energy input is called the hysteresis loss ratio. A typical 
example of a tire load-deflection hysteresis loop in the lateral direction is 
shown in sketch F. The area cdbfc enclosed by the hysteresis loop represents 
the total energy loss associated with a complete loading-unloading cycle in both 
lateral directions. The total energy input to the tire is the sum of the two 
triangular areas acda and ebfe. Similar loops are generated in the vertical and 
fore-and-aft directions. The hysteresis loss ratio is an indicator of the 
damping characteristics of a tire and is an important factor in the tire landing 
impact capability, shimmy performance, and braking and rolling resistance 
characteristics . 
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Sketch F 


Lateral-stiffness parameter (K v /(p + 0.24p r )w) .- The spring constant asso- 
ciated with the linear portion of the "static lateral load- deflection curve of a 
tire is normalized by the product of the maximum width of the tire and a pres- 
sure function which includes the effects of inflation pressure and carcass 
stiffness. This lateral-stiffness parameter is an indicator of the cornering 
capability and shimmy behavior of a tire. 

Relaxation length .- The exponential character of tire deformation is 
described by a coefficient called relaxation length. For the static case the 
following relationship holds in the free-tread periphery: 


X 


X D e 


-s/L c 


(A7) 


where 

X tire deformation in the free-tread periphery 

X Q tire deformation at the leading edge of the footprint 

s curvilinear coordinate measuring circumferential distance from 

the footprint leading edge 

L s static lateral relaxation length 

At the circumferential position on the free-tread periphery where s = L s , the 
value of X has been relaxed to a value of 37 percent of X Q . 
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The initial buildup in side force under yawed rolling follows a similar 
exponential law: 


F y = F y,e 1 - e" x/L y 


(A8) 


where 

x distance rolled 

Fy instantaneous cornering force perpendicular to the direction 

of motion 

Fy, e steady-state cornering force 

Ly yawed-rolling relaxation length 

Equation (A8) states that Fy reaches approximately 63 percent of the steady- 
state value when the tire rolls a distance x = Ly. The relaxation length is 
an important tire characteristic which influences tire shimmy behavior. 

Spring rate .- The nonlinear stiffness of a tire in its various operational 
modes is measured by spring rate. It is defined in this paper as the instanta- 
neous slope of the tire load-deflection curve. The spring rate of a tire 
affects its landing impact capability, shimmy characteristics, and response to 
braking and steering inputs. 

Vertical-force parameter (F z /(p + 0. 08p r )w \]~wd) .- Tire vertical load is 
normalized by the product of a pressure function, which includes the effects of 
inflation pressure and carcass stiffness, and a footprint-area function. 


Symbols 

Values are given in both SI and U.S. Customary Units. The measurements and 
calculations were made in U.S. Customary Units. Factors relating the two sys- 
tems are presented in reference 12. 

A constant 

A q gross footprint area 

A n net footprint area 

C\ ratio of lateral shift in center of pressure to tire footprint 

displacement 

d outside diameter of unloaded tire 

F d drag force parallel to wheel plane 
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Fg side force perpendicular to wheel plane 

Fy lateral or cornering force perpendicular to direction of motion 

Fy fG steady-state lateral force perpendicular to direction of motion 

F z tire vertical loading 

k L constant associated with footprint length 

constant associated with footprint width 
Ky tire lateral spring rate 

K z tire vertical spring rate 

Lf length of tire-ground contact area (footprint) 

L s tire static relaxation length 

Ly tire yawed- rolling relaxation length 

M x overturning torque, moment about horizontal axis in wheel plane 

through wheel center 

M z aligning torque, moment about vertical axis through wheel center 

P& tire lateral-stiffness parameter 

P v tire vertical-force parameter 

p tire inflation pressure 

p r tire rated inflation pressure 

q friction- force moment arm 

s peripheral distance around tire 

V ground speed 

Wf width of tire-ground contact area (footprint) 

w maximum width of undeflected tire 

x displacement in direction of motion 

y c lateral center-of-pressure shift 

X lateral deflection of tire equator 

6 vertical tire deflection 
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tire yaw angle 

0 tire peripheral angle 

p s side-force friction coefficient 
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TABLE I.- CHARACTERISTICS OF TWO TIRE SIZES 



! 18 X 5.5 

| 

49 x 17 


1 

VII 

VII 

Ply rating 

14 

26 

Type of ply 

Bias 

Bias 

Rated vertical load F z , kN (lb) 

27.6 

(6200) 

176 
(39 600) 

Rated inflation pressure, p r , kPa (psi) 

1482 

(215) 

1172 

(170) 

Outside diameter of unloaded tire, d, cm (in.) .... 

44.7 

(17.6) 

122.49 

(48.225) 

Maximum width of unloaded tire, w, cm (in.) 

14.03 

(5.525) 

42.74 

(16.825) 

Tread description (no. of circumferential grooves) . . . 

3 

4 




TABLE II.- SUMMARY OF TEST CONDITIONS AND STEADY-STATE RESULTS FROM YAWED-ROLLING 

TESTS OF 18 x 5.5 TIRE 


v <M F * F * Fd 


knots 

dog 

kN 

lbf 

kN 

lb-f 

kN 

lbf 

5 

1 

13.12 

2950 

2.14 

401 

.55 

123 



20.33 

4570 

2.52 

567 

.74 

167 



27.48 

6173 

2.44 

549 

1 . 18 

266 



33.79 

7595 

2.44 

549 

1.44 

323 

5 

3 

13.20 

2967 

5.14 

1 156 

.31 

69 



20.09 

4515 

5.95 

1338 

.66 

148 



27. 13 

6 100 

5.95 

1338 

.79 

177 



34.00 

7644 

5.44 

1222 

1.20 

269 

5 

6 

13.60 

3056 

7.57 

1701 

.05 

10 



20. B8 

4695 

9.21 

2071 

.66 

149 



27. 5G 

6195 

10. 16 

2285 

.61 

136 



34.25 

7701 

9.65 

2170 

1 . 17 

264 

5 

G 

13. 8G 

31 15 

7.79 

1751 

.35 

80 



20. G5 

4643 

9.22 

2073 

.52 

117 



27.58 

6201 

9.99 

2246 

.78 

175 



32.51 

7309 

9.92 

2229 

.79 

178 

5 

9 

13.84 

3112 

9.99 

2246 

.28 

62 



20.46 

4600 

12. 19 

274 1 

.55 

123 



27.30 

6137 

13.26 

298 1 

1.03 

23 1 



28.94 

6506 

13. 15 

2956 

1.05 

235 

5 

9 

13.59 

3055 

9.40 

2114 

.24 

55 



20.78 

4671 

11.46 

2576 

.65 

146 



27.83 

6257 

12.41 

2791 

.89 

201 



28.53 

64 15 

12.56 

2824 

1.05 

236 

5 

9 

14.55 

3270 

9.31 

2094 

.27 

61 



21.46 

4824 

11.42 

2568 

.64 

143 



28.53 

6414 

12.22 

2748 

.97 

218 



29.91 

6724 

12.37 

278 1 

1.14 

257 

50 

1 

13.12 

2949 

2.36 

530 

.52 

116 



20.43 

4593 

2.50 

581 

1.07 

242 



27.26 

6129 

2.74 

615 

1.26 

204 



34 .B0 

7823 

2.66 

598 

1.92 

431 

50 

3 

13.56 

3049 

5. 14 

1156 

.50 

1 13 



19.30 

4339 

5.80 

1305 

.46 

103 



25.74 

5786 

5.66 

1272 

1 . 15 

258 



32.55 

7317 

5.29 

1 109 

1.14 

256 

50 

S 

12.52 

2815 

7.24 

1627 

.23 

51 



20.73 

4659 

9.B0 

2202 

.43 

97 



27.00 

6070 

10.24 

2301 

.81 

182 



34.52 

7760 

9.21 

2071 

1.30 

293 

50 

9 

13.39 

3010 

0.46 

1902 

. 14 

31 



20.70 

4654 

11.46 

2576 

.57 

129 



26. B3 

6031 

12.51 

2011 

.91 

204 



30. 10 

6767 

13.03 

2929 

1.01 

226 


"z 

N-m 

in-lbf 

«x 

N-m 

in-lbf 

y c 

cm 

1 n. 



61.7 

547 

135.7 

1201 

-2.29 

-.90 
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TABLE III.- SUMMARY OF TEST CONDITIONS AND STEADY-STATE RESULTS FROM YAWED-ROLLING 


TESTS OF 49 x 17 TIRE 
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Figure 8.- Variation of tire net and gross bearing pressures with vertical load 
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Figure 8.- Concluded 
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Figure 11.- Variation of tire vertical spring rates with vertical deflection. 
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Figure 12 .- Variation of tire vertical hysteresis loss with vertical loading 
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Figure 13.- Variation of tire vertical hysteresis ratio with vertical loading 
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Figure 16.- Variation of tire lateral spring rates with vertical loading 
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Figure 16.- Concluded 
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Figure 17.- Variation of tire lateral-stiffness parameter with vertical 

deflection. 
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Figure 18.- Variation of tire lateral hysteresis loss with lateral load. Lateral 

load <• 30% F-. 
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Figure 19.- Variation of tire lateral hysteresis ratio with lateral load 
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Figure 19.- Concluded 




Figure 20.- Effect of tire lateral load on lateral hysteresis ratio at various 

vertical loadings (49 * 17 tire). 
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Figure 23.- Lateral deformation of tire tread periphery under combined vertical 
and lateral loadings. Table deflection is at 0=0. 
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Figure 25 .- Variation of tire yawed-rolling relaxation length with vertical 

deflection for varying yaw angles. 
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(b) 49 x 17 tire. Rated 


Figure 28. 
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(b) 49 x 17 tire. Rated load = 176.1 kN (39.6 kips) 
Figure 30.- Concluded. 
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